Abstract: A novel diamine monomer, containing 2,6-diaminopyridine, bis-pdimethylaminophenyl-2,6-pyridine (S26DAP), was prepared from 4-(dimethylamino)benzaldehyde and 2,6-diaminopyridine. The monomer was characterized by FT-IR, NMR and elemental analyzer. The monomer was then utilized to prepare polyimides with dianhydrides such as pyromellitic dianhydride (PMDA), 3,3',4,4'-benzophenonetetracarboxylic dianhyride (BPDA), 4,4'-oxydiphthalic anhydride (ODPA) and 3,3',4,4'-biphenyltetracarboxylic dianhydride (BTDA) by the one-step method; synthesis of polyimides, followed by thermal imidization. The polyimides were characterized by FT-IR, GPC with intrinsic viscosity and adhesive properties also being evaluated. The polyimides exhibited high T g (°C) (186-209 °C), good thermal stability and good adhesive properties. Medium to high molecular weight polymers were attained, with inherent viscosities near or higher than 1.05-1.32 dL/g, the solubility in dipolar aprotic solvents of the polyimides were much better than that of the aromatic polyimides. Furthermore, chemically synthesized polyimides were used for immobilization of glucose oxidase (GOx). The amperometric responses of the prepared GOx-polyimide-coated electrodes to glucose were examined at a potential of 0.7 V in PBS solution by means of TB technique. The results show that polyimide (S26DAP-PI-4) can be used for immobilization of glucose oxidase.
Introduction
Polyimides have exhibited a series of outstanding characters, such as excellent thermostability, mechanical and electrical properties, as well as ability of solventresistance, so that they are widely employed in the aerospace, optoelectronics and composites [1, 2] . They are distinguished from other high performance polymers by the solubility of polyimides precursor form, which can be casted into uniform films and quantitatively conversion to polyimide. Polyimides have been especially used widely in microelectronic, film, adhesive and membrane industry [3] [4] [5] [6] [7] due to these prior properties. Recently significant synthetic effort has been centered on improving processability and solubility through the synthesis of new diamine or dianhydride monomers [8] [9] [10] . In recent years, many polymers including conducting and nonconducting ones have been widely used for immobilization of enzymes at electrode surface [11] [12] [13] [14] [15] [16] [17] . In previous work, we have reported that polyimides can be used as selective membranes for the electroactive species as dopamine and H 2 O 2 [18] [19] [20] [21] [22] .
In this work, a new -CH=N-containing diamine, 2,6-diaminopyridine, bis-pdimethylaminophenyl-2,6-pyridine (S26DAP), was successfully synthesized by using hydroquinone as starting material. Furthermore, it was also examined whether this polyimides film can be used as a membrane for immobilization of glucose oxidase.
Results and discussion

Characterization of the PI
Polyimide membranes were synthesized by polycondensation of dianhydrides with diamines. All the polymerizations proceeded in homogeneous solution and the precipitation was prevented in all cases by adjusting the solvent to the monomer ratio. The formation of the imide ring was confirmed by FTIR. Structures of the films were characterized by FTIR and the spectrums of films are shown comparatively in Figure 1 . From the FTIR results, we observed that expected imide bands have been determined after thermal imidization of the films. FTIR spectra of PI showed characteristic imide bands at 1780 and 1716 cm -1 (C=O stretching), 1355 cm -1 (C-N stretching), 832 and 716 cm -1 (C=O asymmetric stretching). An absorption at 1440-1660 cm -1 corresponding to the schiff base group (-CH=N-) is observed [8] [9] [10] . The thermal properties of the polyimides were evaluated by differential scanning calorimetry (DSC) ( TGA curves of polyimide films are shown in Figure 4 . At a heating rate of 10°C/min of TGA, it was observed that thermal and oxidative degradation of these films took place in one stage. Degradations are appeared in the range of 450-554 °C (10% weight loss) because of the degradation of imide backbone. Polyimides have lower thermal and oxidative degradation resistance than the conventional polyimide film due to the presence of schiff base groups in the structure. S26DAP-PI-3 having oxygen group in dianhyride exhibited the lowest T 10 values than the other polyimides. Figure 5 shows amperometric responses of polyimide/GOx/Pt electrodes prepared with S26DAP-PI-1 (a), S26DAP-PI-2 (b), S26DAP-PI-3 (c) and S26DAP-PI-4 (d), respectively. From these electrochemical experiments, we have seen that polyimide (S26DAP-PI-1), polyimide (S26DAP-PI-2) and polyimide (S26DAP-PI-3) were not suitable for immobilization application due to their irregular responses towards glucose. It is thus evident that size matching between pore size of polyimide membrane and the molecular diameter of the GOx was very important for retaining the bioactivity of enzyme and prevents enzyme leaching. Therefore, we have focused on polyimide (S26DAP-PI-4). The glucose concentration in human blood lies within the narrow limits of 3.5 to 5 mM of glucose. With increasing of glucose concentration, correspondingly more H 2 O 2 is released from the enzyme base reaction, and the oxidation current increases with increasing H 2 O 2 concentration at the electrode surface. Figure 6 shows typical current-time plots of enzyme electrode prepared with 2 μlt GOx-1 μlt polyimide (S26DAP-PI-4) upon the successive step addition of glucose obtained by injecting of stock glucose solution. The response is linear from 2 mM to 6 mM with R 2 = 0.9884 and then the current increases nonlinearly with its concentration, as expected for biocatalytic reactions. 
Amperometric response to glucose of enzyme electrodes
SEM micrographs of S26DAP-PI-4 and enzyme immobilized S26DAP-PI-4
Scanning electron micrographs (SEM) of polyimide films obtained with and without enzyme (GOx) are shown in Figure 7 (a and b) onto SiO 2 glass. When Figure 7 (a) and (b) are compared, the difference between the polyimide with enzyme and without enzyme is obviously seen. SEM image of S26DAP-PI-4 film exhibits homogenous structures (Figure 7a ). In the case of GOx immobilized, homogenous structure of S26DAP-PI-4 film changes into the wrinkle morphology (Figure 7b ) indicating uniform distribution of GOx in S26DAP-PI-4 matrix. It can be seen from both images that structure of the polyimide film allows the immobilization of the GOx.
Conclusions
Pyridine based polyimides with 2,6-diamino pyridine were prepared via one-stage solution polycondensation method with different dianhydrides. The resulting polyimides showed high molecular weight, thermal stability and good solubility in the aprotic media. Furthermore, polyimides were used for immobilization of glucose oxidase. From the electrochemical data obtained, it has been demonstrated that chemically prepared S26DAP-PI-4 can be utilized for immobilization of GOx.
Experimental part
Materials
All chemicals were purchased form Aldrich and used after purification. NMP was distilled over CaH 2 under reduced pressure and stored over 4Å molecular sieves. Reagent grade aromatic dianhydrides such as pyromellitic dianhydride (PMDA), 3,3',4,4'-benzophenonetetracarboxylic dianhyride (BPDA), 4,4'-oxydiphthalic anhydride (ODPA) that was sublimed at 250 °C under reduced pressure, 3,3',4,4'-biphenyltetracarboxylic dianhydride (BTDA) was used after crystallization in proper solvents. All the dianhydrides were dried under vacuum at 120 °C prior to use.
Instrumentation
Infrared spectra were recorded as KBr pellets in the range 4000 -400 cm -1 on an ATI UNICAM systems 2000 Fourier transform spectrometer. Differential scanning calorimetry (DSC), differential thermal analysis (DTA) and thermogravimetry (TG) were performed with Shimadzu DSC-60, DTA-50 and TGA-50 thermal analyzers, respectively.
GPC analyses were performed at 30 °C using N-methyl-2-pyrollidone (NMP) as eluent at a flowrate of 0.5 mL/min. A differential refractometer was used as a detector. The instrument (Agilent 1100 series GPC-SEC system) was calibrated with a mixture of polystyrene standards (Polysciences; molecular masses 200-1200000 Da) using GPC software for the determination of the average molecular masses and the polydispersity of the polymer samples. Inherent viscosities (η inh = lnη r /c at a polymer concentration of 0.5 g/dL) were measured with an Ubbelohde suspendedlevel viscometer at 30 °C using NMP as the solvent.
Amperometric measurements were performed by a BAS 100W (Bioanalytical Systems, Inc.) electrochemical analyzer with a conventional three-electrode cell. The working electrode was platinum electrodes (2 mm diameter) with modified GOx and polyimide. A Pt wire and Ag/AgCl electrode were used as counter electrode and reference electrode, respectively. All measurements were carried out at room temperature.
D-(+)-glucose and glucose oxidase (from Aspergillus Niger) were of analytical grade and purchased from Sigma Company (USA). All aqueous solutions for amperometric tests were prepared with deionized and doubly-distilled water.
Synthesis of monomer (S26DAP)
As shown in Scheme 1, the monomer (S26DAP) synthesized by Schiff-base condensation of p-dimethylaminobenzaldehyde with 2,6-diaminopyridine in the presence of ethanol. p-Dimethylaminobenzaldehyde (20 g, 134 mmol) was dissolved in ethanol.
Scheme 1. Synthesis of the monomer (S26DAP).
The mixture was stirred under nitrogen atmosphere with reflux and to this mixture aliquot portions of 2,6-diaminopyridine (75 mmol) were added. After 1 h, the yellow precipitate which had formed was collected by filtration, washed with ethyl alcohol, dried in air, and crystallized in ethyl alcohol/diethylether.
The compound gave satisfactory microanalysis, and the expected 
Synthesis of polyimides
A typical polyimide synthesis was performed as follows (Scheme 2): to a 100-ml 3-necked flask equipped with a magnetic stirrer, a reflux condenser, thermometer and argon inlet were added 5 mmol of S26DAP and 10 mL of solvent NMP. Under nitrogen atmosphere, equimolar (5 mmol) of pyromellitic dianhydride (PMDA) was added to the reaction mixture, with vigorous stirring. During this time, an increase in the viscosity of the solution was observed. In order to facilitate the stirring of the solution, NMP solvent (10 mL) was added as much as necessary to keep the reaction mixture maintained at room temperature for 1 h. The solution was heated to reflux at 200 °C for 2 h. After being allowed to cool to ambient temperature, the solution was diluted and then slowly added to a vigorously stirred solution of 95% methanol. The precipitated polymer was collected via filtration, washed with hot water and methanol, and dried under reduced pressure at 100 °C. The polymer was isolated with 91% yield. In order to form polymer films, the polymer was dissolved in NMP (0.5 g of polymer/10 mL of solvent), forming a dark yellow solution; then the solution was poured onto a flat surface and dried in a vacuum oven at 200 °C over several hours. All other polyimides were synthesized from different dianhyrides (BPDA, ODPA or BTDA) using the same procedure as described above.
Scheme 2. Synthesis of the polyimides.
Preparation of enzyme electrodes
Polyimide solution was prepared by dissolving 70 mg polyimide in 2 ml NMP. Enzyme solution was prepared by dissolving 1250 U glucose oxidase (GOx) in 50 μL 0.1 M PBS (pH=7). Prior to immobilization, surface of the platinum disc working electrode was cleaned according to the standard procedure and polished with consecutive finer grades of aqueous alumina slurry down to 0.5 μm [23] .
Scheme 3. The schematic diagram of polyimide/GOx/Pt electrodes and their glucose sensing.
For immobilization of the glucose oxidase, GOx solution was dropped onto the bare platinum electrodes and allowed to dry at room temperature. Then, solution of polyimides were dropped onto GOx-electrodes and allowed to dry at room temperature. The schematic diagram of polyimide/GOx/Pt electrode and their glucose sensing is displayed in Scheme 3. 0.1 M phosphate buffer (pH=7) was used for the electrochemical measurements. Amperometric measurements of electrodes were carried out at +0.7 V vs. Ag/AgCl. All measurements were carried out at room temperature.
